Marine microbes form the base of ocean food webs and drive ocean biogeochemical 9
and that more variable environments will favor a bet-hedging, low-b-strategy. 23
Understanding the relationship between evolutionary and physical timescales is critical for 24 robust predictions of future microbial dynamics. 25 26
Introduction: 27
Ocean circulation advects particles rapidly throughout the ocean basins 1-3 resulting in 28 variability in physical and chemical properties along Lagrangian trajectories. This variability is 29 both predictable (e.g. diurnal and seasonal cycles) and stochastic (e.g. mesoscale eddies) and is 30 overlain on top of longer-term trends such as those driven by climate change. Understanding the 31 interplay between physical variability in the ocean and the timescales of biological responses to 32 this variability is critical for accurately predicting future shifts in microbial diversity, ecosystem 33 dynamics, and biogeochemical cycling. 34
Microbial populations -defined as clusters of closely related organisms exhibiting 35 population-specific gene flow -are acted upon by both natural selection and neutral evolutionary 36 processes. While previous work has suggested that marine microbes can evolve faster through 37 neutral genetic processes than they can be dispersed in ocean currents 2 , we have little 38 understanding of how adaptation of microbial populations to different ecological niches through 39 natural selection 4,5,6,7 interacts with physical timescales in the oceans. Experimental evolution 40 studies have demonstrated relatively fast timescales (<350 generations) of selective adaptation for 41 marine microbes under constant conditions 8 , and suggested that fluctuations may impact the 42 outcome of evolution 9 , consistent with theory 10 . However, our understanding of how marine 43 microbial evolution will proceed in situ in a fluctuating environment remains in its infancy. 44
Heritable variation in fitness can be generated through a range of processes from 45 transgenerational plasticity to genetic mutations. These processes for generating and transmitting 46 trait variation can be classified on a spectrum from fast variation, low transmission (LT) to slow 47 variation, high transmission (HT) modifications 11 . HT modifications are relatively rare but have 48 a high probability of being transmitted to offspring through a large number of cell divisions. 49
Classic examples of HT modifications are point mutations, genome rearrangement, horizontal gene 50 transfer, and transposon insertions. In contrast, LT modifications are common relative to HT 51 modifications but have a lower probability of being transmitted to offspring. LT modifications 52 include -but aren't limited to -transgenerational plastic effects, and changes to DNA methylation 53 and acetylation patterns (i.e. epigenetics). Theoretical 12,13 and empirical 15 data suggest that HT and 54 LT modifications acting together best explain patterns of microbial evolution on timescales of 55 hundreds of generations. 56
Immediately following environmental change, LT modifications may allow for flexible 57 and rapid exploration of phenotypic space. This can result in enhanced rates of adaptation to the 58 new environment (increase in fitness) relative to what would be expected due to HT modifications 59 alone [13] [14] [15] [16] . However, once a perturbation is removed, the fitness benefits from LT modifications 60 will be lost from the population more quickly than would be expected from HT modifications 61 alone. Currently, we lack an understanding of how the interplay between LT and HT modifications 62 modifications were introduced at a higher frequency than HT modifications but were also 84 associated with a transmission timescale or reversion rate (Methods). As a result, the model 85 captured both the high frequency occurrence of LT modifications (e.g. transgenerational plastic 86 responses) in populations following an environmental change and the degradation of this signal 87 over several generations once the environmental cue was removed. In contrast, HT modifications 88 (e.g. genetic mutations) occurred at low frequencies in the population, but were transmitted with 89 high fidelity between generations. 90
Three critical timescales emerged in the model ( Figure 1) ; 1) the time spent in each 91 environment measured in generations (tf), 2) the emergent timescale required for a beneficial HT 92 modification to fix in the population through a selective sweep 5 once it occurred in an individual 93 (tHT), and 3) the specified transmission timescale for LT modifications (tLT). The model was run 94 using a range of tf and tLT (Methods). tHT is an emergent property of the model that varied as a 95 function of HT modification supply and effect ( Figure S1 ). The strength of population size and 96 stabilizing selection were also tested and shown to not change overall patterns (Supplement 97
S1&S2). 98
In all model simulations, fitness increased rapidly with exposure to the 'new' environment, 99 consistent with laboratory experiments [21] [22] [23] . With stabilizing selection applied during the 'ancestral 100 environment' periods, selective sweeps driven by HT modifications emerged if the fluctuation 101 intervals (tf) were long enough. We identified two dimensionless criteria that determined model 102 behavior across the wide range of parameter values tested: 103
When a <1, the timescales of environmental variability (tf) were short relative to the fixation 106 timescale for HT modifications (tHT) and so selective sweeps based on HT modifications were 107 inhibited ( Figure 2a) . Conversely, when a >1, HT selective sweeps always occurred and the time 108 to sweep (tsweep) decreased as tf increased. In other words, longer exposure times to a new 109 environment drove higher rates of genetic adaptation to that environment, consistent with models 110 using genetic mutation only 24 . 111
The second criteria, b, identifies a key evolutionary trade-off for organisms in a fluctuating 112 environment. When b>1, HT modifications drove adaptive fitness changes while LT modifications 113 played a minor role, resulting in little or no short-term responses (i.e. fitness changes) to 114 environmental fluctuations (Figure 1a) . However, when b<1, LT modifications enabled short-term 115 fitness responses to environmental fluctuations both before and after a HT selective sweep (Figure  116 1b). Although simulations with b<1 had a more rapid response to environmental change (faster 117 increase in fitness), it also took longer for a HT sweep to occur (larger tsweep) than simulations 118 where b>1 (Figure 2b) . In a stable environment, it is advantageous to minimize adaptive 119 timescales (smaller tsweep) and so instances where b<1 will be detrimental. However, in a 120 fluctuating environment, longer adaptive timescales may be advantageous because they avoid a 121
HT selective sweep that may be beneficial in one environment but deleterious in the other. This 122 trade-off between short-term and long-term benefits can be framed in terms of two opposing 123 evolutionary strategies: 1) a low-b strategy with more persistent LT modifications which facilitates 124 rapid environmental tracking with less heritability; and 2) a high-b strategy favoring more rapid 125 selective sweeps of innovative HT modifications at the expense of shorter-term environmental 126 fitness tracking. A low-b strategy could also be viewed as a type of bet-hedging strategy favored 127 under enhanced environmental variability 10 , while a high-b strategy would be favored under stable 128
conditions. 129 130

Evolutionary trade-offs: 131
To illustrate the interaction between evolutionary strategy and realistic environmental 132 fluctuations, we present an example highlighting how the ideal evolutionary strategy for warm 133 temperature adaptation will depend on both physical and biological timescales. In other words, for the same physical dynamics, a slower growing population (popA) would 145 experience a more variable environment while popB would experience a more stable environment. 146
Considering both biological timescales, 27-30% of all released particles experienced 28°C 147 at least once within the 350 generation 2xCO2 run. Based on the duration of physical fluctuations 148 (tf) and a conservative estimate of tHT = 50, we predict that a >1 for 70-79% of the popB 149 trajectories that experienced 28°C. In other words, as a result of a shorter generation time, this 150 population experienced long enough exposure times to >28°C waters that adaption through genetic 151 modifications (HT) should occur. A faster tHT would increase the fraction with a >1. In contrast, 152 because popA experienced a more variable environment due to its longer generation time, we 153 estimate that selective sweeps (a >1) would occur in only 2-12% of the popA trajectories (Figure  154 3). We confirmed this prediction using 2 representative trajectories (Supplement S3). These results 155 suggest that, within a given environment, directional selection is more effective for faster growing 156 marine microbes than slower growing populations, making it more likely for HT selective sweeps 157 to occur. This is because faster growing populations experience the selective environment for a 158 larger number of generations (tf). 159
Consideration of the b criteria paints a different picture. For the example of warm 160 temperature adaptation, we identified the trajectories where a low-b strategy would be beneficial 161 (Figure 3) . We find that 41% of the popA trajectories could employ a low-b strategy using 162 reasonable LT transmission timescales (tLT=10-50). This is in contrast to the popB trajectories 163 where only 25% could employ a low-b strategy; 75% of trajectories experienced environmental 164 fluctuations that were either too fast (tf<10) or too slow (tf>50). This analysis highlights an 165 evolutionary trade-off for marine microbes: 1) faster response to variable environments through a 166 low-b strategy where LT modifications provide a competitive advantage versus 2) faster selective 167 sweeps that provide an advantage based on HT modifications. We predict that the bet-hedging 168 low-b strategy with more persistent LT modifications will be favored by organisms that experience 169 subjectively shorter timescale fluctuations. While this example contrasts two populations 170 experiencing the same physical environment, the hypothesis also applies to organisms living in 171 different regions. For example, relatively stable environments (e.g. oligotrophic) should favor a 172 high-b strategy (less LT mechanisms) while more variable environments (e.g. upwelling/coastal) 173 should favor a low-b strategy (more LT mechanisms). 174
Untangling the interactions between the physical timescales of advection and the biological 175 timescales of evolution is necessary to accurately predict how and where marine microbes will 176 adapt to novel environments. Specifically, these results demonstrate that different evolutionary 
